I. Introduction
The Plio-Pleistocene Osaka Group is distributed in the Harima, Osaka, Kyoto, and Nara Basins of Kinki Districts (Huzita et al., 1951) . It consists of lacustrine, fluvial and marine sediments with a number of traceable volcanic ash layers useful for stratigraphical studies, and yields many wellpreserved plant macrofossils. Plant macrofossils from this group were described first by Miki (1948) , and many researchers re-examined his localities based on the detailed stratigraphical studies (e. g., Huzita, 1954; Itihara, 1960; Kokawa, 1961) . Among these studies, Itihara (1960) clarified the stratigraphical occurrence of plant macrofossils including Metasequoia glyptostroboides, and divided the group into lowermost, lower, and upper parts. Itihara (1960) characterized the fossil flora from the lowermost and lower parts of the group with the presence of the Tertiary elements including Metasequoia glyptostroboides, Sequoia sempervirens, Ginkgo biloba, and Liquidambar formosana, and named it the "Metasequoia flora". He considered that the Metasequoia flora flourished during the age of the lowermost part of the group, became extinct in accordance with the climatic deterioration in the lower part of the group, and at last disappeared before a cold time just below the Azuki tuff layer. He consequently designated the lowermost part of the group as "the age of flourishing of the Metasequoia flora", and the lower part of the group as "the age of extinction of the Metasequoia flora".
However, the plant macrofossil data used as a basis for his division were scarce between the Tsuchimaru I tuff layer and the Senriyama tuff layer, so that the floral change across the boundary between the lowermost and lower parts of the group has not been described.
In this paper, plant macrofossil assemblages in the lowermost part and lower horizons of the lower part of the Osaka Group in the southern part of Osaka Prefecture, where the stratigraphy was studied in detail by Itihara et al. (1975 Itihara et al. ( , 1984b Itihara et al. ( , 1986 , are described. Floral and paleoenvironmental changes from the late Pliocene to the lower half of the early Pleistocene in the area are discussed.
II. Stratigraphy
The study area extends from Kishiwada City westward to Fuke, Sennan-gun, and from Osaka Bay southward to the Izumi Range (Fig. 1) . The Osaka Group in the study area unconformably overlies the basement rocks that form the Izumi Range, and is overlain unconformably by terrace deposits which are widely distributed in the lowermiddle reaches of each river (Itihara et al., 1975) . The group in this area is divided into the Sennan Formation, the Kokubu Formation, and the Senpoku Formation in ascending order, and each formation is subdivided into lower and upper parts (Itihara et al., 1975) . The surveyed horizons are included in the Sennan Formation and the lower part of the Kokubu Formation (Fig. 2) .
The Sennan Formation, which lies up to 20m below the Fukuda tuff layer, abuts on the basement rocks in the southern part of its distribution. This formation, about 170m thick, is composed of lacustrine and fluvial gravels, sands, silt, and clay with more than 12 volcanic ash layers, including the Misaki tuff layer (Ms), Tsuchimaru I and Tsuchimaru II tuff layers (Tc-I and Tc-II), Mizuma II tuff layer (Mz-II), Habutaki I to Habutaki III tuff layers (Ha-I to Ha-III), Asashiro tuff layer (As), Shinnoike tuff layer (Sh), and Shimogaito tuff layer (Sm), in ascending order. Among them, Ms, Tc-I, and Ha-I are dated by the fis-1988). The lower part of this formation is dominated by gravels and sands, and the upper part consists of alternating silt, clay, sands, and gravels.
The lower part of the Kokubu Formation, which ranges from the horizon 20m below the Fukuda tuff layer, is about 70m thick, and consists of fluvial sands interbedded with silt and volcanic ash layers, including the Fukuda tuff layer (Fu) and Tenjinyama tuff layer (Te), in the study area.
1988). Itihara et al. (1988) assigned the PlioPleistocene boundary to the horizon between the Fukuda tuff layer and the horizon 10m above the Shimogaito tuff layer that is the upper limit of the by Itihara et al. (1984 b) (Fig. 3) . In addition to the above lithostratigraphical division, two other stratigraphical divisions of the group in the study area have been proposed. One is the division based on plant biostratigraphy by Itihara (1960) , Itihara and Kamei (1970) , and Itihara et al. (1975 Itihara et al. ( , 1984a . These authors divided the group into lowermost, lower, and upper parts according to the stratigraphical occurrence of the "Metasequoia flora". The boundary between the lowermost and lower parts was first established in the horizon between the Shinden tuff layer and the Senriyama tuff layer in the Osaka group of the northern hills of the Osaka basin (Itihara et al., 1973) . The horizon was correlated with the horizon between the Fukuda tuff layer and the Tenjinyama tuff layer (Te) in the study area (Itihara et al., 1975 (Itihara et al., , 1984a (Fig. 3) .
The other division is a lithostratigraphical one developed by Oka (1978) , who studied the lithostratigraphy of the Osaka Group along the northern border of the Izumi Range in relation to the activity of the Median Tectonic Line, and divided the group into Uchihata members, Amano members, and Senboku members. He suggested that the Median Tectonic Line became active and uplifted the Izumi Range, which supplied the surrounding area with coarse gravels in the stage of the Amano members. The horizon belonging to the Amano members ranges from 2.3m below the Mizuma II tuff layer (Mz-II) to the horizon of Ma 3 marine clay (Oka, 1978) (Fig. 3) .
Plant macrofossils were obtained from the peaty layers shown as P1 to P38 in Fig. 2 . The correlation of those horizons was based on the stratigraphy by Itihara et al. (1975 Itihara et al. ( , 1984b Itihara et al. ( , 1986 . Where peaty layers could not be found at the same localities as volcanic ash layers, the stratigraphical relationships between peaty layer and volcanic ash layer were estimated from the volcanic ash layer distributed near the localities of the peaty layers. In such a case, the relationships among those peaty layers and volcanic ash layers at distant localities remain unclear because sedimentation rates probably vary at every locality. For example, peaty layer P6 of Loc. 5 at the Kogi River bed is correlated with 40m below the Mizuma II tuff layer (Fig. 2 ). This tuff layer is distributed only around the Kogi River; thus the correlation of the peaty layers between the Tsuchimaru II and Habutaki I tuff layers is based on the Habutaki I tuff layer and Asashiro tuff layer distributed near the peaty layers: peaty layer P2 is 42m below Asashiro tuff layer, and P8, P21, P 9, and P22 are 41m, 36m, 9m, and 1m below Habutaki I tuff layer, respectively (Fig. 2) . In the same way, correlations of P23, P24, P28, P 29, P35, and P37 are also based on the Shinnoike and Tenjinyama tuff layers distributed near those localities: P23, P24, P28, and P29 are 19m, 27 m, 10m, and 16m, respectively, above the Shinnoike tuff layer, and P35 and P37 are 12m and 20m, respectively, below the Tenjinyama tuff layer (Fig. 2) .
In addition to those peaty layers, plant macrofossil data described by Miki (1948) and Hikita (1954) , peaty layer A to F in Fig. 3 , are used for this study: A, Fuke, loc. 32 of Miki (1948) ; B, Tannowa, loc. 31' of Miki (1948) ; C, Hakotsukuri, loc. 24 of Hikita (1954) ; D, Yamanakashinge, loc. 31 of Miki (1948) ; E, Izumisunagawa, loc. 21 of Hikita (1954) ; F, Mizuma, loc. 19 of Hikita (1954) . Those horizons have been correlated with the lower part of the Sennan Formation by Itihara et al. (1975) : A to C are around the Misaki tuff layers, D and E are below the Tsuchimaru I tuff layer, and F is about 35m below the Mizuma II tuff layer.
There are at least two kinds of peaty sediment including plant macrofossils. The differences in the matrix seem to be influenced by depositional conditions, as mentioned in Momohara et al. (1990) . One is interbedded within stratified sands or sandy silt, and the other is unstratified and laterally well continued peaty silt.
III. Method
Plant macrofossils were obtained by sieving the sediments, and some large ones were collected at the outcrop. Sample sediments of more than 100 cm3 were macerated in water and washed through sieves of 2mm, 1mm, 0.5mm, and 0.25mm meshes. Identifiable parts were picked out and counted. The consolidated sediments were broken down by diluted hydrogen peroxide solution before a sieve was applied. All specimens obtained have been preserved in 70% alcohol and are deposited in the Natural History Museum and Institute, Chiba.
IV. Result
Fossil plants representing the lowermost part and lower horizons of the lower part of the Osaka Group in this area consist of 221 taxa, 141 woody and 80 herbaceous ( Table 1 ). The woody taxa include 25 gymnosperms and 116 angiosperms, and the herbaceous taxa are composed of 1 charophyte, 6 pteridophytes, and 73 angiosperms. Forty-two woody and six herbaceous taxa are either extinct or no longer extant in Japan.
Most of the fossil plants are now distributed in Eastern Asia including Japan, and even extinct species have their living counterparts in this region. Thus, it is possible to identify groups of fossil plants according to their modern distributions in the climatic zones. They are grouped into cool temperate, warm temperate to cool temperate, warm temperate, and subtropical elements and so on (Fig. 3) . Among them, cool temperate, warm temperate, and subtropical elements can be used as indicators of past climate. Subtropical elements are plants which are now found from subtropical to the southern border of warm temperate latitudes. At warm temperate latitudes, they are confined to the areas near the coast. This element includes five extant species: Actinidia cf. rufa, Lagerstroemia sp., Ficus cf. pumila, Premna japonica, and Choerospondias axillaris. Three extinct species, Paliurus nipponicus, Sapium sebiferum var. pleistoceaca, and Reevesia sp. are also attributed to this element, because their extant counterparts, Paliurus ramosissimus and Sapium sebiferum, range from subtropical latitudes to the southern border of warm temperate latitudes, and Reevesia thyrsoidea ranges from tropical to subtropical latitudes. Warm temperate elements are plants which range from the southern to the northern border of the warm temperate latitudes, such as Eurya sp., Ehretia ovalifolia, Liquidambar sp., Buxus microphylla var. japonica, and Pseudolarix amabilis. Cool temperate elements are distributed mainly at cool temperate latitudes, and some of them extend to the subarctic latitudes. These elements include Stewartia cf. monadelpha, Chamaecyparis pisifera, Thuja sp., Thujopsis dolabrata, Betula maximowicziana, Phellodendron amurense, Acer diabolicum, Taxus cuspidata, and Picea maximowiczii.
Based on the sequential record of occurrence, such as the disappearance and emergence of plants, the Osaka Group in this area is divided into seven assemblage zones, OS-I to OS-VII, starting from the base (Fig. 3) . Zones OS-I to OS-III are divided according to the emergence of temperate conifers and the extinction of extinct members, and zones OS-IV to OS-VII are divided based on the occurrence of the subtropical elements including Paliurus nipponicus and Premna japonica and cool temperate elements such as Picea maximowiczii. It is difficult to draw a line between two zones when the stratigraphical relationships among the peaty layers around the boundary between two zones are unclear. In this case, the peaty layers are divided according to the composition of the plant macrofossil assemblages: P2, P8, and P21 between the zones OS-I and OS-II, P17 and P22 between OS-II and OS-III, P13, P20, and P25 between OS-III and OS-IV, and P14, P23, and P29 between OS-IV and OS-V.
OS-I (P-1, 3 to 6, 8, and A to F) This lowest zone ranges from the base of the group about 20m below the Misaki tuff layer (Ms) to the horizon 25m below the Mizuma II tuff layer (Mz-II). This zone is characterized by the dominance of extinct members and subtropical elements. Among extinct members, Reevesia sp., Ginkgo biloba, Choerospondias axillaris, Taiwania cryptomerioides, Pinus fujiii, Nyssa sp., Fortunearia sinensis, and Keteleeria sp. are limited to this zone. Liquidambar sp. and Pseudolarix amabilis occur in almost all of the peaty layers, and Sequoia sp., Glyptostrobus pensilis, Picea koribai, Metasequoia glyptostroboides, and Ilex aff. cornuta are common. Most of the extinct plants belong to the warm temperate elements.
The subtropical elements include Paliurus nippon- Fig. 3 Stratigraphic distribution of selected plant macrofossils An asterisk indicates a taxon which is extinct or no longer distributed in Japan. Small letters after the taxon indicate the fossil parts. Abbreviations are the same as indicated in Table 1 . Capital letters after the taxon indicate the range of its present distribution: S: subtropical, W: warm-temperate, C: cool-temperate, SA: subarctic. Picea sect. Picea in this figure represents other than P. koribai and P. polita, and Tsuga spp. represents other than T. longibracteata. Peaty layers described by Miki (1948) and Hikita (1954) are labeled A to F. A: Fuke, B: Tannowa, C: Hakotsukuri, D: Yamanakashinge, E: Izumisunagawa, F: Mizuma. Abbreviations of the volcanic ash layers are the same as indicated in Fig. 2 , and Ms indicates the Misaki tuff layer of Itihara et al. (1973) . Open circles are the data in Miki (1948 Miki ( , 1954 Miki ( , 1955 Miki ( , 1957 and Hikita (1954 This zone is characterized by the first occurrence in the Osaka Group of temperate conifers including Abies spp. Pinus subgen. Diploxylon, and Tsuga spp. other than T. longibracteata. The subtropical elements are not present in this zone, but it includes some warn temperate elements including Liquidambar sp., Melliodendron sp., Sequoia sp., Buxus microphylla var. japonica, and Pseudolarix amabilis. Cool temperate elements are also present, including Stewartia cf. monadelpha and Chamaecyparis pisifera. Among extinct plants, Picea koribai and Metasequoia glyptostroboides are common members.
OS-III (P-10 to 13, 17 to 19, and 25) This zone ranges from the horizon of the Habutaki I tuff layer (Ha-I) to the horizon of the Asashiro tuff layer (As). This zone is characterized by an abundance of conifers. The elements that appeared first in zone OS-II, i. e., Abies spp., Pinus subgen. Diploxylon, and Tsuga spp. other than T. longibracteata, occur more abundantly. Elements which appeared first in this zone are Picea sect. Picea other than P. koribai, Thuja sp., Thujopsis dolabrata, Pinus subgen. Haploxylon, and Cryptomeria japonica, which occur frequently throughout this zone. Pseudolarix amabilis, Picea koribai, Metasequoia glyptostroboides, Cunninghamia sp., Pseudo tsuga spp., and Chamaecyparis pisifera are also abundant. Subtropical elements such as Paliurus nipponicus, Actinidia cf. rufa, Lagerstroemia sp., and Ficus cf. pumila occur along with the members belonging to the warm temperate elements such as Eurya sp., Ehretia ovalifolia, and Buxus microphylla var. japonica. Together with these elements occur Chamaecyparis pisifera, Stewartia monadelpha, and Betula maximowicziana, which belong to the cool temperate elements.
The extinct conifers above mentioned are common. Fagus microcarpa also occurs frequently. Liquidambar sp., Melliodendron sp., Sequoia sp., and Tsuga longibracteata became extinct during this zone.
OS-IV (P-20 and 26 to 29) This zone ranges from the horizon of the Asashiro tuff layer (As) to 4m below the Shimogaito tuff layer (Sm). The members attributed to the subtropical elements are not recorded, while some members belonging to the warm-temperate elements such as Pseudolarix amabilis, Glyptostrobus pensilis, and Cunninghamia sp. occur. The members belonging to the cool temperate elements include Chamaecyparis pisifera, Picea sect. Picea other than P. koribai, Phellodendron amurense, and Acer diabolicum. Extinct plants are scarcer than in the preceding zone. The uppermost occurrence of Pseudolarix amabilis is at the peaty layer P27.
OS-V (P-14 to 16, 23, 24, 30, 31, 34, and 38) This zone ranges from 4m below the Shimogaito tuff layer (Sm) to the horizon 3m below an unnamed tuff layer. Subtropical elements such as Paliurus nipponicus, Sapium sebiferum var. pleistoceaca, Actinidia cf. rufa, Lagerstroemia sp., Ficus cf. pumila, and Premna japonica occur with abundant warm temperate elements including Glyptostrobus pensilis, Pterocarya aff. stenoptera, and Cinnamomum macropodum. Cool temperate elements are scarce except for peaty layer P38, including Stewartia cf. monadelpha, Chamaecyparis pisifera, Picea sect. Picea other than P. koribai, and Thuja sp. Peaty layer P38 includes many cool temperate elements such as Picea sect. Picea other than P. koribai, Betula maximowicziana, and Taxus cuspidata. Among extinct members, Metasequoia glyptostroboides, Fagus microcarpa, Cunninghamia sp., Hamamelis parrotioides, and Pterocarya aff. stenoptera are common, and Glyptostrobus pensilis and Picea koribai are abundant at a few horizons. The uppermost occurrence of Glyptostrobus pensilis is at peaty layer P38.
OS-VI (P-32 and 33) This zone includes two peaty silt layers, P32 and P33, which are unstratified and laterally well continued. These layers directly underlie an unnamed tuff layer 24m below the Tenjinyama tuff layer (Te). The woody taxa obtained from these peaty silt layers mainly consist of cool temperate elements such as Picea sect. Picea other than P. koribai, Chamaecyparis pisifera, Phellodendron amurense, and Acer diabolicum. Well preserved cones of Picea maximowiczii are common. Metasequoia glyptostroboides distributed in the cool to warm temperate latitudes also occur, but plants belonging to the warm temperate and subtropical elements are not present. All of the herbaceous taxa are aquatic and semiaquatic plants including Characeae, Salvinia natans, Potamogeton spp., Najas spp., Alisma spp. and/or Sagittaria spp., Cardesia reniformis, Scirpus spp., Monochoria korsakowii, Nuphar sp., Euryale ferox, Ceratophyllum demersum, Trapa spp., Nymphoides peltata, Trapella sinensis, etc.
OS-VII (P-35 to 37) Zone OS-VII ranges from 20m to 8m below the Tenjinyama tuff layer (Te). This uppermost zone is characterized by the occurrence of subtropical elements such as Paliurus nipponicus, Sapium sebiferum var. pleistoceaca, Ficus cf. pumila, and Premna japonica and warm temperate elements such as Eurya sp., Ehretia ovalifolia, Ilex aff. cornuta, Cyclocarya Paliurus, Cunninghamia sp., Cinnamomum macropodum, and Pterocarya aff. stenoptera. With these elements occur the cool temperate elements such as Chamaecyparis pisifera, Picea sect. Picea other than P. koribai, Thuja sp., Thujopsis dolabrata, Betula maximowicziana, and Phellodendron amurense. Conifers including Abies spp., Cryptomeria japonica, Pseudotsuga spp., and extinct members including Picea koribai, Metasequoia glyptostroboides, and Cunninghamia sp. occur abundantly.
V. Discussion
Floral and climatic implications
The fossil assemblage zones OS-I, OS-III, OS-V, and OS-VII are characterized by the occurrence of subtropical elements. This indicates that the overall climate was warmer during those zones than during zones OS-II, OS-IV, and OS-VI, when the subtropical elements were not present.
During the deposition of zone OS-I, about 3 million yrs BP, the dominance of the subtropical and warm-temperate elements and the scarcity of cool temperate elements indicate that warm climatic condition prevailed. Among the subtropical elements, the genus Reevesia is now distributed in the subtropical to tropical regions of east Asia, and its occurrence suggests that the paleoclimate was warmest through the Plio-Pleistocene. Fossil Reevesia was reported together with Carya striata, Choerospondias axillaris, and many extinct members from the lowermost part of the Osaka Group east of Wakagashi, Izumi City, to the east of the study area (Momohara, 1989) . The author reconstructed a warm climatic condition from the fossil assemblage, similar to that at the habitat of modern Carya species in southeastern China. The Carya-bearing bed was correlated with the Habutaki I tuff layer (Ha-I) by Itihara et al. (1986) .
However, it should be correlated with the horizon during the zone OS-I, judging from the dominance of subtropical and extinct members and the scarcity of cool temperate and coniferous members.
During the zone OS-II, the elimination of the subtropical elements indicates that the climate became colder than during the zone OS-I. On the other hand, a change in the topography of the sedimentary basin seems to have begun during the zone OS-II, and this may have accelerated the change of flora combined with a change in climate. Oka (1978) mentioned that the Izumi Ranges had begun to uplift and alluvial fans from the mountains had expanded during the stage of the Amano members. The first occurrence or increase of conifers such as Abies spp., Tsuga spp. other than T. longibracteata, and Pinus subgen. Diploxylon is thought to be reflect changes in topography around the sedimentary basin.
During the deposition of zone OS-III, the presence of subtropical elements suggests that the overall climate was warmer than during the preceding cold phase. Characteristically, many plants belonging to the cool-temperate elements occurred with the subtropical and warm-temperate elements. The coexistence of plants attributed to both subtropical and cool-temperate elements in the fossil assemblages has often been recorded from the Plio-Pleistocene strata (e. g., Miki, 1948; Minaki et at., 1981; Momohara et al., 1990) . These authors assumed that these plants may have occurred among nearby vegetation under mild oceanic conditions. The same conditions must also have prevailed in this study area; for example, cool temperate elements such as Picea sect. Picea inhabited lower elevations than they do now due to the cool summer climate, because the Izumi Range, which had supplied sediments to the study area, is considered to have been rather low (Sangawa, 1977; Oka, 1978) . The predominance of coniferous taxa during the time of deposition of this zone may be due to the increase of slopes resulting in the uplift of the Izumi Ranges that succeeded from zone OS-II in combination with the climatic changes. During the deposition of zone OS-VI, the absence of warm temperate elements suggests that the climate was colder than in the cold stages such as zones OS-II and OS-IV during the late Pliocene. The occurrence of the elements now distributed in the cool temperate to subarctic latitudes, such as Picea maximowiczii and Acer diabolicum, associated with many aquatic plants, indicates that these elements inhabited local forests.
2. Plant extinction and its causes As shown in Fig. 3 , plant extinction had already begun in an earlier stage of zone OS-I, and magnetostratigraphy shows that many plant species had became extinct before the end of the Gauss normal epoch (Itihara et al., 1984b) , about 2.5 million yrs BP (Fig. 3) . Itihara et al. (1984a) considered that the "Metasequoia flora" became extinct in accordance with the climatic deterioration that started at the onset of the stage of the lower part of the Osaka Group. However, climatic fluctuation began at the stage of the lower horizons of the lowermost part of the group, and it triggered changes including the extinction of plants.
As shown in Fig. 3 , eight plant species became extinct from the area during the deposition of zone OS-I, four during OS-III, one during OS-IV, and one during OS-V. All but two of these species or their close allies are now distributed in the subtropical and warm temperate latitudes: two, Pinus fujiii and Nyssa sp., have no closely related taxa, and their distribution areas are unknown. These species occur more abundantly and frequently during the warm phases such as zones OS-I and OS-III than during the cool phases such as OS-II. These plant species might have disappeared due to decreases in temperatures that set in during cold phases such as zones OS-II and OS-IV.
The extinction of plants seems to have been accelerated by topographical changes in the sedimentary basin. As noted before, during zones began to uplift and form slopes that conifers such as Abies, Tsuga, and Cryptomeria inhabited. These changes, combined with a change in climate, should have led to extermination of the Tertiary elements. Momohara et al. (1990) discussed the cause of the late early-Pleistocene plant extinctions in the Shobudani Formation, located to the south of the Izumi Range. The authors considered that the topographical change and climatic change together caused the extinction of plants including Metasequoia glyptostroboides. In the late Pliocene of the Osaka Group, the topographical changes seem to have played an important role in plant extinction as well as in the Shobudani Formation. 
